ABSTRACT
Introduction
Arsenic is one of the most prevalent toxic metals in the environment; it is mainly of geochemical origin (rocks and minerals) in an insoluble form but also derives from anthropogenic sources (8, 9) . In soluble forms, arsenic occurs as trivalent arsenite (As [III] ) and pentavalent arsenate (As [V] ). Arsenic in average concentration of 2 mg/kg is presented in all living matter too (5) . Arsenic has been called "essential toxins" because it is required in trace amounts for growth and metabolism but is toxic at high concentration (17) . Arsenate, a phosphate structural analogue, can enter the bacterial cell via the phosphate transport system. Its toxicity is due to its interference in normal phosphorylation processes by replacing cellular phosphate. It has recently been demonstrated that arsenite enters the cells, at neutral pH, by aqua-glyceroporins (glycerol transport proteins) in bacteria, yeasts, and mammals (8) and that its toxicity lies in its ability to bind sulfhydryl groups of cysteine residues in proteins, thereby inactivating them. Arsenite is considered to be more toxic than arsenate (on average 100 times more toxic) and can be oxidized to arsenate chemically or microbiologically (6, 12) . Microbial activity is responsible for the transformation of at least one third of the elements in the periodic table (17) . Bacteria have developed a variety of mechanisms to avoid the toxicity of arsenic: (a) minimizing the uptake of arsenate through the system for phosphate uptake (2, 9) , (b) by peroxidation reactions with membrane lipids (1, 9) , and (c) using the best characterized microbial arsenic detoxifi cation pathway involving the ars operon (9, 11) .
The presence of arsenic in the nature is critical for the health of millions of people in the world. For Bulgaria, this is an actual problem too. In result of active metallurgical industry in the areas around a metallurgical factory (KZM -Plovdiv) are registered high levels of arsenic contamination. The investigations of desolated agricultural sites next to KZM -Plovdiv show contents of arsenic 53 mg/kg by a limited permissible concentration of 25 mg/kg. The other critical polluted sites in Bulgaria are areas around a factory for extraction of copper (MDK -Pirdop) and the river Sazlijka after town of Stara Zagora, which pollutes Maritza River. This is one hot point in national measure.
The aims of the present study were to isolate bacteria from these arsenic-contaminated sites that were resistant to the growth -inhibitory effects of these arsenic species through various detoxifi cation pathways; determination of arsenictransforming abilities of these isolates and a taxonomical identifi cation of all arsenic transforming bacteria.
Materials and Methods
Isolation and enumeration by colony forming units (CFU) from environmental samples. Five samples, from three different environmental sites, were collected from the contaminated with arsenic areas in Bulgaria: soil sample (place "A") at 10 cm distance from the iron fence of KZM Plovdiv factory; soil sample (place "B"), next to the canal for evacuation of wastewater out of KZM Plovdiv; soil sample (place "C") from desolated agricultural site, next to the smelt factory KZM Plovdiv area; soil sample (place "D") from town Pirdop; and water sample (place "E") from Maritza River. The samples ranged in external pH from 5.0 to 6.5 for soil samples and water sample had a pH range of 5.0 -5.3. Each sample (1 g of soil and 10 ml water) was inoculated into different selective media (see below) to estimate bacterial population numbers. After vigorous mixing, 100-fold step serial dilutions to 10 -6 were performed for each sample. The inoculated media were then incubated for 7 days at 37°C. Results for each dilution were recorded as either growth or no growth. CFU was calculated for each sample. The following selective media were used: minimal salts medium (MS) supplemented with 1% (wt/vol) thiosulfate (7) was used for the culture of aerobic chemoheterotrophs; MS supplemented with 5 mM arsenite for aerobic chemoautotrophs able to utilize arsenite as an electron donor for chemolithotrophy; tryptone, yeast extract, and glucose medium (18) for aerobic chemoheterotrophs; sulfate reducer medium containing 5 mM arsenate for anaerobic heterotrophic sulfate reducers (13) ; Bacteria that were resistant to arsenic species were isolated from heterotrophic cultures (MPB-grown) supplemented with either arsenate (0-100 mM) or arsenite (0-20 mM) from all samples.
Bacterial strains. As a positive control by the taxonomical identifi cation of the isolated bacteria were used the following bacterial strains from NBIMCC: Pseudomonas putida NBIMCC 1090; Pseudomonas pseudoalcaligenes NBIMCC 2454; Pseudomonas aeruginosa NBIMCC 3732; Alcaligenes faecalis NBIMCC 153; Herminiimonas arsenicoxydans -from the lab."Génétique moléculaire, génomique et microbiologie"-ULP in Strasbourg, France.
Chemicals and stock solutions. Chemicals used in this study were of above 98% purity and were used without further purifi cation. All buffers and solutions were prepared with double bidistilled water and were sterilized by fi ltration (0.22 μm pore-size) or by autoclave at 120 0 С for 20 min. As [III] stock solutions (20 mM) were prepared from stock sodium arsenite (NaAsO 2 ) and As [V] -100 mM solutions from sodium arsenate (Na 2 HAsO 4 .7H 2 O). Stock solutions were stored at 4 0 С in the dark. Silver nitrate (AgNO 3 ) stock solution (1M) was prepared immediately before use.
Verifi cation of the transforming ability of the isolated bacteria. The verifi cation of the transforming ability of the isolated bacteria was carried out by the usage of AgNO 3 method. Agar plates were fl ooded with a solution of 0.1M AgNO 3 . A brownish precipitate revealed the presence of arsenate in the medium (arsenite oxidizing bacteria), while the presence of arsenite was detected by a bright yellow precipitate (arsenate reducing bacteria) (10) .
The transforming abilities of the isolates were tested one more time according "Microplate screening assay for the detection of arsenite oxidizing and arsenate reducing bacteria" (16) . Twenty fi ve milliliter from 7 days pure culture of every one strain were centrifuged (Centrofuge Type MPW/360) at 1500 rpm for 15 min. The pelleted cells were washed twice with sterile deionized water and suspended in 2 ml deionized water. The test was performed into a round-bottomed 96 wells plate, previously sterilized by UV-light. Twenty microliters of the cells suspension were added to the wells containing 80 μl of 0.2 M Tris-HCl buffer (pH 7.4) with As[III] or As[V] to reach a fi nal concentration 20 mM and 100 mM respectively. For recording of eventual interaction between Tris-HCl buffer, AgNO 3 and As, a control solution was prepared for each test. Inoculated microtiter plates were incubated for 96h (4 days) and 168h (7 days) before the initiation of the color reaction, which was carried out by the addition of 100 μl of 0.1 M AgNO 3 to the wells. The reaction between AgNO 3 and As [III] and As [V] in Tris-HCl resulted in the formation of colored precipitates, ranging from light brownish-red for As[V] to light yellow for As [III] .
Determination of MICs. The MICs were determined in liquid chemically defi ned medium (CDM). . Two different controls were used for this method: one with bacteria and without metalloids, and other with metalloids and without bacteria. The resulting suspensions were incubated at 37°C for 7 days. The MIC was defi ned as the lowest concentration that completely inhibited growth.
Identifi cation of bacterial isolates based on classical taxonomy and 16S rDNA. Of the selected bacterial strains, which transform arsenic macro-, micromorphological, physiological and biochemical characteristics were evaluated. Taxonomical identifi cation of the isolates was carried out using Burgey's Manual of Determinative Bacteriology (2) . Confi rmation of the taxonomical status of the selected strains was done by molecular methods. Total DNA was isolated from all selected strains using classical protocol for isolation (14) . One hundred and fi fty microliters of culture was centrifuged. The pelleted cells were suspended in 500 μl T100E buffer (Tris 25 mM, EDTA 10 mM) and 50 μl 10% SDS and gently mixed. After 15 min incubation at 65°C, into the tubes were added 300 μl ice-cold 5M KAC. The genomic DNA was extracted and then precipitated with izopropanol (v/v), pelleted by centrifugation, ethanol washed, and then resuspended in 50 μl TE buffer.
Universal eubacterial primers: pA and pH′ were used for amplifi cation of 16S rDNA of these bacterial strains. These primers were designed to fl ank the relatively variable region of the 16S rRNA gene. The forward primer, PCR -pA, covers positions 8 to 23 E. coli (5'-AGAGTTTGATCCTGGCTCAG-3') (4). The reverse primer, PCR pH′ (5'-AAGGAGGTGATCCAGCC-3') covers positions 1541 to 1525 (4). The positive control was a β-Proteobacterium -Herminimonas arsenicoxydans.
The obtained PCR products were purifi ed, using "Quick Gel Extraction Kit" (Invitrogen), according the instruction of the manufacturer, and sequencing.
Results and Discussion
Total bacteria number of isolates from arsenic-contaminated environments. Enumeration of bacterial populations by using CFU revealed that all sites from KZM-Plovdiv had >2000 CFU/cm 3 aerobic chemoheterotrophs and <1000 CFU/cm 3 chemoautotrophs (thiosulfate oxidizers). No chemoautotrophs were isolated that could utilize arsenite as an electron donor for chemolithotrophy. All samples contained fermentative organisms (> 500 CFU/cm 3 ), but only in four sites (samples B, C, D and E), in the presence of oxygen in minimal concentration, were found out culturable sulfate reducers (<1500 CFU/cm 3 ) .
No bacteria were isolated that could use arsenate as an electron acceptor under anaerobic conditions. Isolation of arsenic-transforming heterotrophs. One hundred and eight isolates were obtained by enrichment and isolation of single colonies on plates, containing high concentrations of the same arsenic species on which the organisms were originally isolated. Tested with AgNO 3 in agar plates, only 27 from all isolates demonstrated the possibility to transform arsenical ions ( Table 1) . No sulfate reducing bacteria that were isolated in this work have arsenic transforming abilities.
The silver nitrate test is based on the quality reaction between AgNO 3 and arsenite or arsenate ions. The interaction of AgNO 3 with As[III] generate bright yellow precipitate and with As[V] -brownish precipitate. As a positive control in the present work was used Herminiimonas arsenicoxydans, a bacterium, which has a high arsenite oxidizing activity. This β-Proteobacteria was isolated from arsenic polluted industrial waste water and investigated in the laboratory in Strasbourg, France. In the same laboratory Muller et al. (12) obtained aoxB mutant of H. arsenicoxydans with a deletion of the gene for the catalytic subunit of the enzyme arsenite oxidase. This mutant was designated as M2', which is without arsenite oxidizing activity. In the present experiment the mutant M2' was used as a negative control (Fig. 1) . The transforming abilities of these isolates were confi rmed via "Microplate screening assay for the detection of arsenite oxidizing and arsenate reducing bacteria" (16) . With this test, according the obtained color of the pellet, it could be determined the proportion of the transforming abilities of the isolates (Fig. 2) . (16) The soil around KZM -Plovdiv, town Pirdop and the water from Maritza River are rich of aerobic, chemocheterotrophic bacteria, which can grow in the presence of arsenite/arsenate. From all fi ve samples were isolated a lot of arsenic resistant bacteria, but only a small part of them show the transforming abilities. The richest of arsenic-transforming bacteria is the water from Maritza River (sample "E"). The selected from this sample bacteria were designated C1 to C8 ( Table 1) . From sample "B" were selected six arsenic transforming bacteria, which were designated K1 to K6. The microaerophilic strains, designated V1 to V6 were isolated from sample "D". From sample "C", were selected fi ve strains, designated M1 to M5. The two arenic-transforming isolates -81D2 and 81D3, were isolated from sample "A".
Fig. 2. Determination of precipitate color as a function of As[V] / As[III] ratio

Determination of Minimal Inhibitory Concentration (MIC) of As[V] and As[III] for the isolated strains:
The resistance to arsenite and arsenate was tested to be determinate the potential of the isolated bacteria for bioremediation processes. The MIC was defi ned as the lowest concentration that completely inhibited bacterial growth (12) .
The presence of arsenic in the soil is critical for the health of the million people in the world. Today the science work is in the development of the new bioremediation technologies. Moreover these techniques can prevent and preserve the treated environment from secondary pollution. A big application in these technologies found the bacteria that could transform arsenic species as well as could grow in the presence of the high concentration of arsenite and arsenate.
All of the selected isolates, which show arsenic transforming abilities, are resistant to the approximately high concentration of arsenate (Fig. 3) . The exceptions are the isolates: K5 and C8, which show MIC of arsenate 11mM for K5 and 10 mM for C8, but both strains show high resistance to arsenite (K5 -6.65 mM and C8 -3.84 mM) as well as can effectively oxidize it.
The biggest part of isolates have high MIC to more toxic As[III] too (Fig. 4) This determine all these bacterial strains, isolated in this study, as very good candidates for the bioremediation process of the arsenic polluted areas.
Taxonomical identifi cation of the selected bacterial strains Classical taxonomy.
All selected arsenic-transforming bacterial strains were macro-, micromorphologically, physiologically and biochemically characterized. The investigated bacteria form onto the agar surface mostly round colonies, with average big sizes (1.5 to 30 mm in diameter). Only by the isolates: M4, K4, 81D2, C2 to C7 are observed colonies with irregular form. The most part of the colonies are with different pigments: the color vary from white, light yellow to brown. In the presence of light all of the investigated colonies show opalescence.
In micromorphological aspect: The cells of the isolated bacteria are mostly rods -straight or curve (Fig. 5) . The most part of isolates are Gram negative, non-sporeforming bacteria. the strains V1 -V6 it was observed a capsule onto the bacterial cell's surface. After physiologo-biochemical tests, that were carried out, it comes to the next more important characteristics of the tested bacteria. The isolates have the temperature diapason in the range of 37°C-41°C. The exceptions are the isolates: M2, K4 and K6. The growth of these three strains at the temperature 41єC was not observed. Any one of the tested strains shows the ability to grow at 4°C. The isolates C1 to C8 and V1 to V6 can grow at tє = 22°C and 41°C. The optimal temperature for the growth of all strains was 37°C. The isolated bacterial strains belong to the group of mesophils. This is a group of microorganisms with the temperature optimum 30°C -40°C. To the oxygen request, the most part of isolates are aerobes and a very small part -facultative anaerobes (M5, K4 and 81D2). All arsenic-transforming isolates, designated V1-V6 are microaerophils to oxygen. For the growth of these bacteria the oxygen is required in a minimal concentration.
The tested microorganisms are differently sensible to the presence of NaCl in the medium. The presence of NaCl in a concentration over 6.5% inhibits the growth of the isolates. On this base the tested strains can be classifi ed to halotolerant bacteria.
The growth of the bacterial strains in a nutrient medium with different pH was tested. The optimum for the growth of the isolates is the pH of the medium about and over 7 (7.0 -9.5).
Only by the isolates: M1, K1, K2, 81D3 as well as: C1, C2, C3, C4, V1, V2, V5 and V6 was demonstrated the presence of starch hydrolyzing enzymes (Fig. 6) .The strain K5 shows the ability to hydrolyze gelatin. By the rest of the strains this ability was not observed. The most of the tested isolates are able to assimilate citrate (show dark blue color by growth onto the Simons medium - Fig. 6 ). The exceptions are the isolates: M2, K3, K4 and K6. All of the tested isolates are catalase and oxidase positive. All of them except K3, C3, C8 and V6 are able to reduce nitrate to nitrite (Fig. 6) . As heterotrophic microorganisms, the investigated isolates have the ability to export NH 3 by the desamination of amino acids as well as H 2 S in the process of assimilation of S-containing amino acids. The most of the strains export indol by the assimilation of tryptophan. The exceptions are only: M3, M4, C2, C3, C7, V1, V5 and V6 (by which the presence of indol was not detected).
The taxonomical status of the isolates was determined using Burgey's Manual of Determinative Bacteriology (2) . It was determined that most of the isolates belong to genus Pseudomonas. It was proved the presence of Alcaligenes faecalis -the strain M5. It was detected the presence of two isolates (V4 and V5) from genera Azoarcus and Thauera.
Molecular taxonomy: "Universal" eubacterial primers pA and pH' were used to amplify 1.5 kb of rDNA of the investigated bacteria. The PCR products obtained were purifi ed and sequenced. Database searches and sequence analyses were performed by using BLAST program on the site Ribosomal Database Project (http://rdp.cme.msu.edu). The strain identifi cation based on 16S rDNA analyses is presented in Table 2 .
Among bacterial species predominate γ-Proteobacteria, in particular genus Pseudomonas. Most of the isolated strains belong to the species: Ps. stutzeri (M1, K1, K2, K5, 81D3 and V6), Ps. putida (M2, K4, and K6), Ps. pseudoalcaligenes (K3, C5, V3). Of the genera isolated in this study, Azoarcus and Thauera have not been previously 
Conclusions
The presence of arsenic in the soils and water is frequently reported. Arsenite is more mobile, highly soluble and more toxic than arsenate. The best approach to remove arsenite is to oxidize it into arsenate; this last form is less soluble and much more easily to removed. For this reason the bacterial isolates identifi ed as Ps. mendocina (M3 and V1); Ps. stutzeri (K5 and 81D3) Ps. pseudoalcaligenes (C5); Ps. fulva (C6); Ps. aeruginosa (C7); Azoarcus sp. (V4) and uncultured α-proteobacterium M4, which are resistant of high arsenite concentrations as well as effectively oxidize it, are detected as the most perspective strains in this study.
Further experiments still remain to be carried out to complete investigation of transforming mechanisms of different arsenic forms from these bacterial strains.
